Introduction
============

Ulcerative colitis (UC) is an idiopathic chronic inflammatory disease of the large intestine. In most patients, UC runs a remitting and relapsing course, with periods of active disease followed by phases of inactivity. Although current therapeutic options can induce remission in about 30--70% of patients, continuous pharmacological treatment is often required to avoid disease relapse.^[@bib1]^ In order to promote sustained remission, endogenous mechanisms that support intestinal homeostasis and contain arising local inflammation must be identified.

In a previous study, we had shown that despite complete healing of mucosal lesions, about half of those genes de-regulated during colonic inflammation remain altered in the involved remitting mucosa of UC patients.^[@bib2]^ Here, we further exploited the transcriptional signature of UC remission and determined that the interleukin-1 receptor type 2 gene (*IL1R2*), a decoy receptor for the pleiotropic cytokine IL-1 (IL-1α and IL-1β), was significantly upregulated during remission of the disease.

The IL-1 system comprises an array of molecules including receptors, co-receptors, ligands, and antagonists.^[@bib3],\ [@bib4]^ Both the *IL1A* and *IL1B* genes are highly upregulated in the inflamed colonic mucosa of UC^[@bib2],\ [@bib5]^ and Crohn\'s disease (CD).^[@bib6]^ IL-1 proteins exert their effects by binding to ubiquitously expressed IL-1 receptor type 1 (IL-1R1), which associates with the IL-1R accessory protein (IL-1RAcP). In this way, it not only has crucial roles in host defense and tissue homeostasis,^[@bib7]^ but also underlies the pathology of several auto-inflammatory conditions.^[@bib3]^ IL-1 receptor antagonist (IL-1Ra) and IL-1R2 are negative regulators of the IL-1 cascade. IL-1R2 serves as a potent inhibitor of IL-1 signaling by competing with IL-1R1 for IL-1, and by subsequently forming a complex with IL-1RAcP, thereby sequestering both the ligand and the accessory protein required for signal transduction.^[@bib4],\ [@bib8]^ IL-1R2 can be expressed as a surface molecule lacking the cytoplasmic-signaling Toll/IL-1R (TIR) domain, or as a soluble IL-1 binding protein. In contrast, IL-1Ra acts predominantly as a soluble competitive inhibitor that prevents IL-1 from interacting with IL-1R1.^[@bib3]^ Differences in their expression kinetics in response to diverse stimuli suggest that these two negative regulators of the IL-1 pathway may exert different biologic roles. Moreover, the roles of IL-1α and IL-1β in intestinal homeostasis are still not well defined and may vary depending on their concentration and target cell(s).^[@bib9]^

Studies have established the potent IL-1-blocking effects of IL-1Ra.^[@bib10]^ In contrast, the only *in vivo* evidence available for the decoy receptor supports its regulatory effect in controlling local inflammation.^[@bib11],\ [@bib12]^

Here, we provide evidence that in contrast to IL-1Ra, IL-1R2 is upregulated only during UC remission, supporting the view that these two negative regulators of IL-1 have biologically different roles *in vivo*. Given that IL-1β is significantly down-modulated during disease remission, compared with active disease, we hypothesize that IL-1R2 represents an endogenous locally acting molecule that may counterbalance low persistent or locally arising IL-1β production in chronic UC patients. In order to test this hypothesis, we set out to investigate the cellular sources of IL-1R2, the pathway regulating its expression, and its functional significance during remission of UC.

Results
=======

*IL1R2*, an IL-1 decoy receptor, is upregulated in the intestinal mucosa of UC patients in remission
----------------------------------------------------------------------------------------------------

In a previous study, we showed that the involved colonic mucosa of UC patients in remission displays a characteristic transcriptional profile that differs from the mucosa of non-inflammatory bowel disease (IBD) controls or patients with active UC.^[@bib2]^ Further analysis of these data (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38713>) revealed a significant upregulation of *IL1R2* (\>fivefold change) in UC patients in remission compared with those with active disease, and over twofold overexpression compared with non-IBD controls or with the mucosa of uninvolved segments in patients with UC ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"} online). In contrast, *IL1B*, *IL1A*, *IL1RAP,* and *IL1R1* genes were upregulated in the inflamed mucosa compared with all the other conditions. Transcription of the IL1R antagonist, *IL1RN*, was significantly upregulated in all involved mucosa independently of the presence of inflammation ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

In order to validate these findings, we performed RT-PCR in an independent cohort of UC patients and controls (**Patient group 1**, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). No significant differences in age, gender, and treatment received were found between UC groups. Patients in remission, however, had a significantly longer disease duration compared with those with active UC (**Patient group 1**, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Nonetheless, we did not observe correlation between the expression patterns of any of the genes studied and disease duration. As shown in [Figure 1](#fig1){ref-type="fig"}, we confirmed that the highest expression of *IL1B* was observed in the mucosa with active UC, although the expression of *IL1B* in UC remission was also higher relative to controls and uninvolved UC mucosa ([Figure 1a](#fig1){ref-type="fig"}), while *IL1R2* was only overexpressed in UC in remission ([Figure 1b](#fig1){ref-type="fig"}). *IL1R1,* a positive mediator of the IL-1 signaling cascade, was significantly upregulated in active UC compared with remission, uninvolved mucosa, and non-IBD controls ([Figure 1c](#fig1){ref-type="fig"}). *IL1R1* transcription showed a moderate negative correlation with *IL1R2* expression (rho=−0.43, *P*=0.015; [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Compared with controls, *IL1RN* was upregulated in the involved UC mucosa, both in the presence and absence of active inflammation, thus confirming our microarray data ([Figure 1e](#fig1){ref-type="fig"}, [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Interestingly, *IL1RN* transcription correlated with *IL1R2* (rho=0.53, *P*\<0.01; [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Moreover, we identified a strong correlation between the expression of *IL1RAP* ([Figure 1d](#fig1){ref-type="fig"}) and *IL1R1* (*r*=0.68; *P*\<0.001), both of which are required for positive IL-1 signaling ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

Given that CD is also a chronic inflammatory disease of the intestine, we tested whether these same alterations were present in the CD ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) colonic mucosa. Despite showing increased *IL1B* transcription in the inflamed mucosa, CD patients did not upregulate the expression of *IL1R2* during remission ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), suggesting that the changes observed here applied exclusively to the remitting UC mucosa.

Soluble IL-1R2 secretion is elevated in the involved mucosa of UC patients in remission
---------------------------------------------------------------------------------------

Next, we measured protein secretion of soluble IL-1R2 and other IL-1 family proteins. Serum levels of IL-1β and soluble IL-1R2 did not relate with disease activity in UC or CD patients (**Patient group 2**, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}, and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

Consistent with the identified transcriptional profile in UC, secretion of IL-1β and IL-1Ra was significantly higher in cultured biopsies from the involved colonic mucosa of patients with active disease compared with all the other conditions (**Patient group 3**, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}; [Figure 2a, d](#fig2){ref-type="fig"}). Moreover, we detected an increase, although not significant, in soluble IL-1RAcP in inflamed UC samples ([Figure 2c](#fig2){ref-type="fig"}). Remarkably, soluble IL-1R2 was found at significantly higher concentrations in supernatants of cultured mucosal samples from UC in remission compared with active disease and uninvolved mucosa ([Figure 2b](#fig2){ref-type="fig"}). Soluble IL-1R1, however, was not detected in the biopsy culture supernatants of any patient group (data not shown), suggesting that its expression may be limited to the membrane-bound form in colonic mucosa.

Thus, while we noted a significant increase in the transcription of both IL-1 blocking genes (*IL1RN* and *IL1R2*) during remission, we only detected an increase in soluble IL-1R2 secretion. In contrast, high IL-1β concentrations were accompanied by increased IL-1Ra secretion in active UC.

Lamina propria plasma cells and intestinal epithelial cells express IL-1R2
--------------------------------------------------------------------------

To identify the cellular source of IL-1R2 in the intestinal mucosa, we carried out immunofluorescence analysis of colonic tissues. IL-1R2^+^ cells could be visualized both within the lamina propria, as well as in the adjacent mucosal Ep-CAM^+^ epithelium in non-IBD controls, UC, and CD patients ([Figure 3](#fig3){ref-type="fig"} and [Supplementary Figure S5b](#sup1){ref-type="supplementary-material"}). Surprisingly, all IL-1R2^+^ cells within the lamina propria showed negative (or weak) CD45 staining in healthy mucosa ([Supplementary Figure S5a](#sup1){ref-type="supplementary-material"}).

It has been described that terminally differentiated plasma cells downregulate expression of the hematopoietic marker CD45.^[@bib13]^ Indeed, all IL-1R2^+^ cells within the lamina propria of healthy, UC ([Figure 3](#fig3){ref-type="fig"}), and CD patients ([Supplementary Figure S5b](#sup1){ref-type="supplementary-material"}) were identified as immunoglobulin A (IgA)^+^. No co-localization of IL-1R2 and immunoglobulin G (IgG) was observed (data not shown).

Epithelial cells in UC patients in remission express increased intracellular IL-1R2
-----------------------------------------------------------------------------------

To identify which of the two cellular subsets, plasma cells or epithelial cells, contributes to increased IL-1R2 expression in UC remission, we first quantified the number of IL-1R2^+^ cells within the IgA^+^ lamina propria population in control and UC remission samples. Owing to massive cell infiltration and tissue destruction in the inflamed mucosa of UC active patients, we did not attempt to quantify the number of positively stained cells in these patients. While the total number of IgA^+^ cells was significantly higher in the lamina propria of non-IBD control mucosa compared with UC in remission, about 50% of the IgA^+^ population was IL-1R2^+^ both in controls and in UC samples (**Patient group 4,** [Supplementary Table S1](#sup1){ref-type="supplementary-material"}; [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

In order to determine IL-1R2 expression by epithelial cells, we used flow cytometry to quantify IL-1R2 production by the epithelial compartment (CD45^−^Ep-CAM^+^) in colonic samples (**Patient group 5**, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}; [Figure 4a, b](#fig4){ref-type="fig"}). Samples from the involved mucosa of UC in remission showed a significantly higher percentage of intracellular, IL-1R2^+^ cells among CD45^−^Ep-CAM^+^ epithelial cells compared with control, uninvolved UC, and active UC samples ([Figure 4b](#fig4){ref-type="fig"}). No surface expression of the IL-1R2 was detected in epithelial cells (data not shown). To rule out the possibility that the intracellular IL-1R2 staining detected in epithelial cells was a transcytosed protein, we performed *in situ* hybridization. *In situ* staining for *IL1R2* transcripts in colonic lamina propria sections confirmed ongoing *IL1R2* transcription by epithelial cells ([Figure 4c](#fig4){ref-type="fig"}). On the basis of these findings, we propose that increased expression of IL-1R2 in the involved mucosa of UC patients in remission is, at least in part, due to an enhanced production of the decoy receptor by epithelial cells.

*IL1R2* is upregulated upon differentiation of intestinal epithelial cells by inhibition of Wnt signaling
---------------------------------------------------------------------------------------------------------

Given the increase in epithelial IL-1R2 expression in remission, we asked which pathway drives its expression. Immunostaining analysis of colonic mucosa revealed a gradient expression of IL-1R2 along the crypt ([Figure 5a](#fig5){ref-type="fig"}). More intense IL-1R2 expression was seen at the upper half of the colonic crypts, where the differentiated epithelial cell compartment is localized, suggesting that the expression of this protein may be regulated during epithelial cell differentiation. In order to confirm this hypothesis, we used a primary epithelial organoid culture of colonic stem cells (CoSCs) from healthy mucosa. *In vitro* expanded CoSCs can be induced to differentiate by removing Wnt/beta-catenin activating signals from the culture media^[@bib14]^ ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Using this system, we demonstrate that both *IL1R2* gene transcription and IL-1R2 protein secretion is significantly increased upon CoSCs *in vitro* differentiation ([Figure 5b](#fig5){ref-type="fig"}). These results suggest that Wnt/beta-catenin signals, which are required for the survival and proliferation of the stem compartment at the bottom of the crypt, could be involved in repressing *IL1R2* transcription and protein secretion. Indeed, isolated healthy whole intestinal crypts, cultured in the presence of Wnt/beta-catenin agonist (CHIR-99021),^[@bib15]^ increased transcription of the proliferation marker *KI67* and the beta-catenin target gene *AXIN2* ([Figure 5c](#fig5){ref-type="fig"}), while at the same time, the transcription of *IL1R2*, as well as the protein secretion of IL-1R2, was decreased in a dose-dependent manner ([Figure 5d](#fig5){ref-type="fig"}). On the other hand, expression of the IL-1R antagonist transcript *IL1RN,* which is not induced during differentiation, was not significantly influenced by CHIR-99021 ([Figure 5c](#fig5){ref-type="fig"}).

We demonstrate that IL-1R2 is suppressed by Wnt/beta-catenin-dependent signals and therefore its expression is upregulated upon epithelial stem-cell differentiation.

Epithelial IL-1R2 partially prevents chemokine production induced by IL-1β on intestinal crypts
-----------------------------------------------------------------------------------------------

Next, we tested whether epithelial cell-released IL-1R2 can interfere with the effect of IL-1β on the intestinal epithelium. In the intestinal mucosa, IL-1β can be produced by immune and stromal cells within the lamina propria, but whether primary epithelial cells can produce it remains controversial. Given that we could detect no protein IL-1β production by isolated epithelial cells (data not shown), we stimulated intestinal crypts isolated from biopsies ([Figure 6a](#fig6){ref-type="fig"}) of healthy colonic mucosa or involved areas of UC patients in remission (**Patient group 6**, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) with low dose IL-1β. We assessed the effect of an IL-1R2-blocking antibody on the expression of *CXCL1*, *CXCL2*, CXCL8, *CCL20*, *TNFA*, and *IL6*, pro-inflammatory chemokines highly upregulated in active UC.^[@bib16],\ [@bib17],\ [@bib18]^ Transcripts for *IL6* and *TFNA* were not detectable in isolated crypts whether resting or activated with IL-1β. In contrast, IL-1β induced an increase in the transcription of *CXCL1*, *CXCL2*, *CCL20*, and *CXCL8* in colonic crypts (data not shown). Importantly, the addition of an anti-IL-1R2--blocking antibody significantly enhanced IL-1β-induced transcription of *CXCL1*, *CXCL2*, and *CCL20* in samples from UC patients in remission ([Figure 6b](#fig6){ref-type="fig"}). CCL20 protein secretion upon IL-1β stimulation by intestinal crypts from UC patients in remission was also significantly increased by blocking IL-1R2 ([Figure 6c](#fig6){ref-type="fig"}). Although a similar pattern was observed in intestinal crypts from controls, the differences did not reach statistical significance.

IL-1R2 produced by UC-in-remission mucosa prevents IFN-γ production by activated T cells
----------------------------------------------------------------------------------------

Next, we tested whether IL-1R2 produced in the colonic mucosa could act on neighboring immune cells. Th17/Th1 cells have been identified in the mucosa of active UC patients.^[@bib19]^ Recent evidence suggests that IL-1β induces human IL-1R1^+^ Th17 cells to upregulate IFN-γ production, thereby giving rise to Th17/Th1 cells with a potentially pathogenic profile.^[@bib20]^ In order to generate cells with that phenotype, we stimulated CD4^+^ lymphocytes with *Candida albicans.* After expansion with yeast, about 30--40% of CD4^+^ cells produced IFN-γ ([Figure 7a](#fig7){ref-type="fig"}). Expanded T cells were stimulated with biopsy supernatant from controls and UC patients in remission (**Patient group 8**, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The effect of an anti-IL-1R2--blocking antibody on IFN-γ secretion was then determined. Blocking IL-1R2 in supernatants from UC patients in remission induced an increase in the secretion of IFN-γ that was significantly different to the effect observed when using supernatants from control biopsies ([Figure 7b](#fig7){ref-type="fig"}).

This suggests that IL-1R2 endogenously produced by mucosa from UC patients in remission acts by partially inhibiting the effects of IL-1β on activated T cells.

Decreased *IL1R2* gene expression is associated with relapse of UC
------------------------------------------------------------------

Our final aim was to address whether IL-1R2 overexpression could be related to disease outcome. In order to test this possibility, we looked at *IL1R2* transcription in a cohort of UC patients (*n*=45) in endoscopic and histologic remission that were followed up for 1 year after taking biopsies from the distal colon (**Patient group 7**, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Patients were classified into two groups, on the basis of whether or not they relapsed during the 12-month follow-up. Relapse was confirmed by endoscopic and histological evaluations in patients presenting symptoms, and remission was assessed by endoscopy and histology at the end of follow-up. At the time of inclusion, no significant differences existed between the two groups of patients regardless of age, gender, treatment, duration of disease, or endoscopic Mayo subscore. In addition, expression of *CXCL8*, *CCL20*, *CXCL1,* and *CXCL2* were low and comparable between the two groups (data not shown), supporting the complete remission and lack of ongoing subclinical inflammation at the time of inclusion. Remarkably, *IL1R2* transcription was significantly lower in the group of patients who relapsed during the follow-up period of 12 months compared with those patients who remained in endoscopic remission for the same amount of time ([Figure 8a](#fig8){ref-type="fig"}). Although the predictive value was low (area under the curve 0.673; 95% confidence interval: 0.505--0.84), these data suggest that IL-1R2 may have a role in preventing disease relapse. On the basis of T-cell culture results, we measured *IFNG* transcription in this group of patients. *IFNG* expression was also low and similar in two groups of inactive patients (data not shown). Interestingly, however, in patients who relapsed, *IL1R2* expression negatively correlated with *IFNG* transcription ([Figure 8b](#fig8){ref-type="fig"}). Moreover, patients who relapsed and presented higher *IL1R2* expression showed significantly lower *CXCL8* expression (*P*=0.0464) (data not shown). Altogether, our results suggest that the IL-1R2 transcriptional profile in patients with inactive disease could be an early predictor of relapse.

Discussion
==========

During acute intestinal inflammation, a number of regulatory mechanisms, such as anti-inflammatory cytokine production (IL-10, IFN-α and IFN-β, TGF-β, IL-22, IL-35, and IL-37),^[@bib21]^ endogenous inhibitors of inflammation (IL-1Ra,^[@bib2]^ sTNFR,^[@bib22]^ IL-18BP^[@bib23]^) and pro-resolution mediators (lipoxins, resolvins, and protectins)^[@bib24]^ are triggered, presumably to limit the inflammatory response and to regain intestinal homeostasis. Some of these mechanisms have already been explored because of their therapeutic value.^[@bib24],\ [@bib25],\ [@bib26]^

The aim of our study was to reveal potential endogenous homeostatic or anti-inflammatory pathways that could be harnessed for the benefit of sustained remission. Data from several groups, including our own,^[@bib2]^ strongly support the contention that following resolution of inflammation, a variety of signals remain deregulated in the involved colonic mucosa of UC patients. Wallace and collaborators^[@bib27],\ [@bib28]^ have shown that production of the pro-resolution mediators prostaglandin D2 (PGD2), Annexin A1, and Lipoxin A4 is increased during remission of UC. Remarkably, most available data support the belief that deregulation of the intestinal epithelial compartment is maintained during disease remission.^[@bib2],\ [@bib29],\ [@bib30],\ [@bib31]^

Here, we describe overexpression of IL-1R2 as a mechanism that is upregulated during remission in UC patients, and may block IL-1-mediated responses. IL-1 has been classically described as a pro-inflammatory cytokine promoting cell survival, cytokine and chemokine production, and increasing epithelial cell permeability. In addition, IL-1β participates in the differentiation of Th17 cells and has been recently described as an inducer of IFN-γ by Th17 cells, thus giving raise to pathogenic Th1/Th17.^[@bib20]^ Nonetheless, protective effects have also been attributed to IL-1β during acute colitis.^[@bib9]^ However, data in humans that test the potential of blocking IL-1 signaling in intestinal inflammation remain lacking.

Existing data does demonstrate an overall decrease in IL-1R2 concentration during active CD and UC, both in cultured colonic biopsies,^[@bib22]^ as well as in plasma.^[@bib32]^ Ours is the first study, however, to identify IL-1R2 as being overexpressed in colonic mucosa during disease remission, which therefore suggests that a program driving IL-1R2 production is overactive in this context. Compared with the signaling receptor IL-1R1, the decoy receptor has a 10-fold higher affinity for IL-1β.^[@bib33]^ In addition to IL-1 binding, IL-1R2 can sequester soluble or membrane-bound IL-1RAcP, an essential component of the signaling IL-1R1 receptor. Although limited, the available *in vivo* data on IL-1R2 show potent local anti-inflammatory effects,^[@bib11],\ [@bib12]^ suggesting that it could represent a potential therapeutic avenue.

IL-1R2 is, however, just one of multiple proteins that can affect IL-1 function. Indeed, we show that the transcription and protein expression of selected members of the IL-1 family are sequentially orchestrated in active vs. inactive disease, supporting the view that tight regulation of IL-1 signaling is crucial to maintaining and/or regaining intestinal homeostasis. The IL-1R2 gene and protein were significantly upregulated in the healed mucosa, despite concomitant downregulation of positive regulators of IL-1. This strongly suggests that IL-1R2 may have a role in preserving intestinal homeostasis rather than in repressing ongoing acute inflammation.

To our knowledge, this is the first report to recognize the cellular sources for IL-1R2 production in the human intestine. We identified both IgA^+^ (but not IgG^+^) plasma cells and mucosal epithelial cells as the main producers of IL-1R2 in human colon and provide evidence that increased IL-1R2 production during remission originates from mucosal epithelial cells. Moreover, we explore the molecular mechanism leading to IL-1R2 expression within this cellular compartment.

Previous studies have identified different signals driving IL-1R2 expression and/or shedding in isolated cells.^[@bib34],\ [@bib35],\ [@bib36]^ Using an *ex vivo* culture of intestinal epithelial cells, we provide here novel evidence for the role of beta-catenin signaling in repressing IL-1R2 transcription and translation. Canonical Wnt signals activate beta-catenin and are critically involved in stem-cell proliferation and survival at the base of the intestinal crypts. Conversely, repression of these signals drives epithelial cell differentiation.^[@bib15]^ Although our results do not show a correlation between different treatments and expression of *IL1R2*, previous studies have demonstrated that mesalamine, commonly used to maintain UC patients in remission, inhibits epithelial beta-catenin activation in chronic UC.^[@bib37]^ We hypothesize that increased IL-1R2 expression in the involved areas of the colon in UC in remission could reflect changes in the abundance of differentiated epithelial cells. This would be in agreement with previous data that shows permanent changes in the epithelium,^[@bib2],\ [@bib29],\ [@bib30],\ [@bib31]^ and with the presence of aberrant crypts defined as crypt branching, the loss of parallel crypt structures, and variable crypt size, as a result of repeated crypt destruction and re-generation in UC.^[@bib38]^ Nonetheless, further research will need to be conducted in order to fully understand the potential effects on Wnt/beta-catenin regulation in UC.

Importantly, our results demonstrate that the IL-1R2 released by the intestinal mucosa of UC patients in remission can modulate gene expression and/or protein secretion of disease-relevant mediators such as chemokines and cytokines. We propose that IL-1R2 can potentially exert a local protective role during reactivation of the disease by acting upon epithelial cells, among others, as well as upon T cells in the lamina propria. To prove that increased expression of IL-1R2 is functionally relevant during inactive UC remains challenging. We indirectly approached this by examining a well-characterized subset of patients^[@bib39]^ who were in endoscopic and histologic remission at the time of endoscopic evaluation and who were followed-up with an endoscopy 12 months later. Expression of *IL1R2*, albeit with a low predictive value, was significantly decreased in patients who suffered a disease flare during the subsequent 12 months. Moreover, *IL1R2* expression negatively correlates with *IFNG* in this group of patients. This is in agreement with our hypothesis that IL-1R2 has a role in the maintenance of long-term remission, and suggests that increased *IL1R2* expression could be one, among other markers of sustained remission in UC.

Lastly, on the basis of the available data, we believe that IL-1R2 holds therapeutic potential that could be harnessed to control inflammation or to prevent relapse. IL-1-blocking strategies, such as recombinant forms of IL-1Ra (anakinra), have already been shown to have therapeutic benefits in different inflammatory conditions^[@bib10]^ and in chronic granulomatous disease.^[@bib40]^ IL-1R2, in contrast to IL-1Ra, offers the advantage of having a higher affinity for IL-1β, than the signaling receptor IL-1R1, and also the ability to sequester IL-1RAcP. Administration of sIL-1R2, or of signals that promote its expression (e.g., beta-catenin antagonists already developed for colorectal cancer (CRC)), could represent an improved IL-1-blocking tool. Moreover, given the potent CRC-promoting properties of IL-1β,^[@bib41]^ interfering with this cytokine could offer a dual therapeutic benefit: inhibiting/preventing inflammation, while directly interfering with cancer-promoting mechanisms.^[@bib42],\ [@bib43]^ Finally, we cannot overlook the fact that IL-1β has been suggested to promote epithelial cell integrity in mouse models. This effect may be dependent, however, on available cytokine concentrations, concomitant expression of IL-1 regulatory molecules, and the nature of targeted cells. Further studies will be required to fully elucidate the complex behavior of IL-1β in mucosal homeostasis.

In summary, we propose that the secretion of IL-1R2 does not have a role in resolving or abrogating the acute inflammatory response, but rather represents a "homeostatic" mechanism that is enhanced in the previously inflamed UC mucosa. We hypothesize that boosting this mechanism could help maintain disease remission.

METHODS
=======

More detailed information is provided in [Supplementary Methods](#sup1){ref-type="supplementary-material"}, available online only.

**Patient population.** Patients with an established diagnosis of UC or CD and non-IBD controls were included in the study after obtaining written informed consent. Non-IBD controls were those subjects undergoing surgery for CRC, colonoscopy for mild gastrointestinal symptoms, or a screening for CRC and who presented no lesions during examination. A total of 266 subjects were included in the study. [Supplementary Table S1](#sup1){ref-type="supplementary-material"} shows the clinical and demographic characteristics from non-IBD controls and UC patients; samples were randomly distributed in eight independent subgroups on the basis of the different experimental approaches used. CD patient characteristics are included in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

**Assessment of disease activity.** Endoscopic activity at the time of colonoscopy was categorized according to the Mayo endoscopic subscore.^[@bib44]^ Active disease was defined as a Mayo endoscopic subscore of 1-2-3; quiescent disease (remission) was defined as a Mayo score of 0 or 1 with limited erythema in a segment with evidence of active disease in any previous endoscopy; a segment was categorized as uninvolved when no lesions were identified in the current and any previous endoscopy.

**Intestinal sample collection.** Intestinal biopsies from the sigmoid colon were collected during routine colonoscopies from non-IBD controls, UC patients with quiescent disease, and UC patients with endoscopic activity. Samples from uninvolved segments were obtained from both UC patients in remission and from those with active disease. None of the biopsies obtained from the vicinity of samples used for the experiments described below showed evidence of colitis-associated dysplasia or neoplasia. For organoid culture and Wnt/beta-catenin agonist experiments, whole intestinal crypts were isolated from the healthy mucosa of 11 CRC patients undergoing surgery.

**Measurement of soluble proteins.** Serum and culture supernatants from biopsies, from intestinal crypt cultures, and T-cell cultures were harvested, centrifuged, and stored at −20 °C until they were assayed for soluble IL-1R2, IL-1Ra, soluble IL-1sRAcP, soluble IL-1R1, IL-1β, CCL20, or IFN-γ using ELISA (R&D Systems, Minneapolis, MN; eBioscience, San Diego, CA; BD Bioscience, San Jose, CA)

**RNA isolation.** Biopsies were placed in RNA Stabilization Reagent (Qiagen, Hilden, Germany). Total RNA from biopsies and matrigel (BD Biosciences) embedded crypts were isolated using the Rneasy Kit (Qiagen).

**Biopsy cell isolation and flow cytometry.** Intestinal biopsies were washed and digested with collagenase (Sigma, San Louis, MO) and DNAse (Roche, Basel, Switzerland); cells were stained using directly labeled antibodies. Samples were acquired in a Canto II (BD Bioscience) cytometer equipped with FACS Diva 6.1.2 software (BD Bioscience).

**Colonic crypt isolation and culture.** Crypts were isolated from intestinal tissues as previously described.^[@bib14]^

For short-term crypt culture, about 30 isolated crypt/25 μl matrigel were plated and cultured overnight in "complete crypt culture medium". Supernatants were harvested, centrifuged, and stored at −20 °C until there were later assayed.

**Colonic epithelial stem-cell culture.** In order to obtain three-dimensional organoid cultures of CoSCs, about 30 purified human colon crypts per well embedded in matrigel were overlaid with 250 μl "stem medium", maintained, and passaged as previously described,^[@bib14]^ and CoSC were thereby induced to differentiate.

**Quantitative real-time RT-PCR (qPCR).** Total RNA was transcribed to cDNA using reverse transcriptase (High Capacity cDNA Archive RT kit, Applied Biosystems, Carlsbad, CA). PCR was performed in TaqMan Universal PCR Master Mix (Applied Biosystems) according to the manufacturer\'s instructions. Fluorescence was detected using an ABI PRISM 7500 Fast RT-PCR System (Applied Biosystems).

**Immunostaining of intestinal samples.** Immunofluorescence staining was performed using anti-IL-1R2 (Sigma) and anti-CD45 (BD Biosciences), anti-IgA (Southern Biotech, Birmingham, AL) or anti-Ep-CAM (Dako, Carpinteria, CA). Image acquisition and overlay was performed on an Olympus (Tokyo, Japan) BX51 microscope using CellF Software.

**RNA chromogenic *in situ* hybridization of intestinal samples.** The RNAscope 2.0 assay was performed according to the supplier\'s instructions (Advanced Cell Diagnostics, Hayward, CA) using a custom-designed probe to detect IL-1R2 mRNA (Advanced Cell Diagnostics).

**T-cell culture.** Co-cultures of CD4^+^ T cells and CD14^+^ monocytes isolated from peripheral blood mononuclear cells obtained from a buffy coat were stimulated with *Candida albicans* to obtain Th1, Th17, and Th1/17 cell populations. Once expanded, T cells were cultured with biopsy supernatants in the presence of IL-1R2-blocking antibody (rat anti-hIL1RII-M22; kindly provided by AMGEN, Seattle, WA) or the isotype control (rat IgG2b, eBioscience).

**Statistical analysis.** Numeric data are described as median and range, and categorical variables as absolute frequencies. Mann--Whitney test was performed to examine statistically different expression patterns between two groups, and a Kruskal--Wallis test was performed to examine statistical significance in multiple group data sets, followed by a Benjamini--Hochberg *post hoc* correction test. A Friedman test was performed to examine statistical significance in repeated-measures analysis, followed by the Nemenyi *post hoc* test. A Wilcoxon matched-pair test was performed to examine statistical significance in paired data. A *P*-value of \<0.05 was considered statistically significant. Spearman correlation was performed for numeric variables. The receiver-operator characteristic area under the curve was calculated to assess the usefulness of *IL1R2* expression for predicting relapse. Data were analyzed using R (version 3.1.0) (Published Online First: 2014. <http://www.r-project.org/>).

**Ethical considerations.** This study was approved by the Institutional Ethics Committee of the Hospital Clinic of Barcelona (Spain) on March 2006 and was performed in accordance with the principles stated in the Declaration of Helsinki (updated October 1996). All patients signed an informed consent prior to their inclusion in the study.
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![Expression of selected IL-1 family genes in colonic mucosa. (**a**--**e**) Dot plot representation (line as median) of mRNA expression of *IL1B*, *IL1R2*, *IL1R1*, *IL1RAP,* and *IL1RN* as determined by qPCR (-Delta Ct) in controls (*n*=10), uninvolved areas from patients with UC (*n*=8), UC patients in remission (*n*=12), and patients with active UC (*n*=7). Gene expression data analyzed by Kruskal--Wallis test, followed by Benjamini--Hochberg *post hoc* correction test. \**P*\<0.05, ^\*\*^*P*\<0.005, ^\*\*\*^*P*\<0.0005. IL, interleukin; qPCR, quantitative real-time RT-PCR; UC, ulcerative colitis.](mi2015108f1){#fig1}

![Secretion of selected IL-1 family proteins in colonic mucosa. (**a**--**d**) Dot plot representation (line as median) of the secretion of IL-1β, soluble IL-1R2, soluble IL-1RAcP, and IL-1Ra in 24-h culture media of colonic biopsies from controls (*n*=10), uninvolved areas from patients with UC (*n*=11), UC patients with disease in remission (*n*=13), and active UC disease mucosa (*n*=17). Data are analyzed using a Kruskal--Wallis test, followed by a Benjamini--Hochberg *post hoc* correction test. \**P*\<0.05, \*\**P*\<0.005. IL, interleukin; UC, ulcerative colitis.](mi2015108f2){#fig2}

![Immunofluorescent staining of intestinal samples shows lamina propria plasma cells and epithelial cells express IL-1R2. Representative two-color immunofluorescent staining of fixed paraffin-embedded healthy colonic tissue, mucosa from UC patients in remission, and UC patients with active disease. The upper-right images show samples co-stained with IL-1R2 (red) and IgA (green). White arrows show IL-1R2 expression by IgA-positive cells. The bottom side images show samples co-stained with IL-1R2 (green) and Ep-CAM (red). Sections were counterstained with DAPI (blue). Images were taken with × 40 objective lens. DAPI, 4\',6-diamidino-2-phenylindole; Ig, immunoglobulin; IL, interleukin; UC, ulcerative colitis.](mi2015108f3){#fig3}

![Increased numbers of epithelial cells express IL-1R2 in UC patients in remission. (**a**) Representative flow cytometry dot plots from digested biopsies. (**b**) Dot plot representation (line as median) of the percentages of intracellular IL-1R2 staining among Ep-CAM^+^ from CD45^−^ cells from controls (*n*=8), uninvolved mucosa from UC patients (*n*=8), mucosa from UC patients in remission (*n*=10), and active UC patients (*n*=10). Data were analyzed using a Kruskal--Wallis test, followed by a Benjamini--Hochberg *post--hoc* correction test. \**P*\<0.05. (**c**) *In situ* hybridization of *IL1R2* transcripts in colonic lamina propria from control and UC patient in remission. Sections were counterstained with hematoxylin. Images were taken with × 20 and × 40 objective lenses. Hs-PPIB probe as a positive control (C+) and DapB probe as a negative control (C−). IL, interleukin; UC, ulcerative colitis.](mi2015108f4){#fig4}

![IL-1R2 is overexpressed by differentiated epithelial cells. (**a**) Representative two-color immunofluorescent staining of fixed paraffin-embedded mucosa from UC remission colonic tissue. Samples were co-stained with IL-1R2 (red) and Ep-CAM (green). Section was counterstained with DAPI (blue). Image was taken with a × 40 objective lens. (**b**) *IL1R2* gene expression by qPCR (−Delta Ct) and ELISA measurement of soluble IL-1R2 from cultured stem and differentiated (Diff) epithelial cells (*n*=7). *IL1R2* expression data were analyzed using a Wilcoxon matched pairs test. \**P*\<0.05. (**c**) *KI67*, *AXIN2,* and *IL1RN* gene expression by qPCR (−Delta Ct) of intestinal crypts stimulated with CHIR-99021 (*n*=4). (**d**) *IL1R2* gene expression by qPCR (−Delta Ct) and ELISA measurement of IL-1R2 secretion from intestinal crypts stimulated overnight with CHIR-99021. Gene expression data were analyzed by a Friedman test, followed by a Nemenyi *post hoc* test.\**P*\<0.05, \*\**P*\<0.005. IL, interleukin; qPCR, quantitative real-time RT-PCR.](mi2015108f5){#fig5}

![IL-1R2 protein partially prevents pro-inflammatory actions of IL-1β on intestinal crypts culture from UC patients in remission. (**a**) Representative image of whole intestinal crypts from colonic biopsies cultured for 18 h. (**b**) *CXCL1, CXCL2,* and *CCL20* gene expression of isolated intestinal crypts from healthy controls (*n*=9) and UC patients in remission (*n*=10) stimulated with IL-1β and IL-1R2-blocking antibody (rat anti-hIL1RII-M22) or isotype control (rat IgG2b). Determined by qPCR (-Delta Ct). (**c**) CCL20 secretion determined by ELISA in colon-isolated crypts from controls (*n*=9) and UC patients in remission (*n*=10) stimulated with IL-1β and with IL-1R2-blocking antibody (rat anti-hIL1RII-M22) or isotype control (rat IgG2b). Data were analyzed using a Wilcoxon matched paired test. \**P*\<0.05, \*\**P*\<0.005, \*\*\**P*\<0.005. IL, interleukin; qPCR, quantitative real-time RT-PCR; UC, ulcerative colitis.](mi2015108f6){#fig6}

![IL-1R2 produced by UC-in-remission mucosa prevents IFN-γ production by *C. albicans-*expanded CD4^+^ T cells. (**a**) Representative flow cytometry dot plot from CD4^+^ cells expanded with *C. albicans* and autologous CD14^+^ monocytes. Intracellular staining of IFN-γ and IL-17 is shown (**b**) *C. albicans-*expanded CD4^+^ T cells were cultured with supernatants from colonic biopsies (control; *n*=12 or UC remission; *n*=12) with IL-1R2-blocking antibody (rat anti-hIL1RII-M22) or the corresponding isotype control (rat IgG2b). IFN-γ secretion was measured in culture supernatants by ELISA. Protein expression is normalized relative (%) to the isotype control condition set at 0 (line as median). Data were analyzed using a Mann--Whitney test. \**P*\<0.05. IFN, interferon; IL, interleukin; UC, ulcerative colitis.](mi2015108f7){#fig7}

![Lower *IL1R2* gene expression in UC patients who relapsed during the following year. (**a**) Intestinal mucosa *IL1R2* gene expression by qPCR (-Delta Ct) from UC patients in remission (line as median). Patients were classified as Relapse (*n*=21) or No Relapse (*n*=24) patients according to whether or not they had a disease flare (confirmed by the presence of endoscopic lesions) at some point during their 1-year follow-up. Gene expression data were analyzed by a Mann--Whitney test. \**P*\<0.05. (**b**) *IFNG* and *IL1R2* expression correlation in UC patients in remission that relapsed within the following year. Spearman correlation was performed \**P*\<0.05 (Pearson *r* −0.5336). IL, interleukin; qPCR, quantitative real-time RT-PCR; UC, ulcerative colitis.](mi2015108f8){#fig8}
